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In supersonic flight, airfoils generate strong sonic boom and wave drag accompanied by shock waves and
expansion waves. The Busemann biplane is representative of an airfoil that has the possibility of realizing low drag.
With the aim of realizing a new concept of supersonic transport, aerodynamic design and analysis are discussed
based on computational fluid dynamics. Traditional biplane airfoils were extended to three-dimensional wings with a
design Mach number of 1.7. Euler simulations of three-dimensional biplane wings of several configurations were
conducted. Because of the existence of wing tips, three-dimensional biplane wings do not perform as well as two-
dimensional biplane airfoils. This is because the areas affected by Mach cones originated from the wing tips, which
precludes the occurrence of an appropriate pressure wave interaction. Thus, the wing tip area has a large drag
coefficient. To overcome these problems, a tapered wing is herein considered. After parametric studies, a wing
planform was determined, the taper ratio and aspect ratio of which were 0.25 and 5.12, respectively. Aerodynamic
design of wing section shapes of the three-dimensional tapered biplane wing was conducted using an inverse-problem
method. The designed biplane wing shows a better lift-to-drag ratio performance than the two-dimensional flat-plate
airfoil in the range where the lift coefficient is more than 0.17. Tapered wings were also found to have several span

sections that achieve better performances than two-dimensional biplane airfoils.

Nomenclature

b = semispan length

Cp = drag coefficient of the three-dimensional wing

Cp = lift coefficient of the three-dimensional wing

C, = drag coefficient of the two-dimensional airfoil

C,; = friction drag coefficient of the two-dimensional airfoil
in Navier—Stokes simulations

Cyp = pressure drag coefficient of the two-dimensional airfoil
in Navier—Stokes simulations

C, = lift coefficient of the two-dimensional airfoil

C, = pressure coefficient

c = chord of the two-dimensional airfoil

Cmia = position of the midchord at the wing tip of the three-
dimensional wing

Croot = chord at the wing root of the three-dimensional wing

Cip = chord at the wing tip of the three-dimensional wing

¢y, ¢, = Busemann coefficients

f(x) = airfoil geometry

h = gap between two elements of the biplane

L/D = lift-to-drag ratio of the three-dimensional wing

l/d = lift-to-drag ratio of the two-dimensional airfoil

M, freestream Mach number
Re Reynolds number
S = reference area

Presented as Paper 0289 at the 46th AIAA Aerospace Sciences Meeting
and Exhibit, Grand Sierra Resort Hotel (Formerly Reno Hilton) Reno, NV,
7-10 January 2009; received 8 September 2008; revision received 14 May
2009; accepted for publication 2 July 2009. Copyright © 2009 by the
Anmerican Institute of Aeronautics and Astronautics, Inc. All rights reserved.
Copies of this paper may be made for personal or internal use, on condition
that the copier pay the $10.00 per-copy fee to the Copyright Clearance Center,
Inc., 222 Rosewood Drive, Danvers, MA 01923; include the code 0021-8669/
09 and $10.00 in correspondence with the CCC.

*Graduate Student, Department of Aerospace Engineering; daigo@ad.
mech.tohoku.ac.jp. Student Member AIAA.

fAssociate Professor, Department of Aerospace Engineering; kisam@ad.
mech.tohoku.ac.jp. Senior Member AIAA.

Invited Visiting Professor, Institute of Fluid Science; currently Senior
Research Scientist, Technical Research and Development Institute, Ministry
of Defense, Tachikawa 190-8533, Japan. Member AIAA.

SProfessor, Department of Aerospace Engineering. Associate Fellow
AIAA,

1906

= airfoil thickness

streamwise coordinate

spanwise coordinate

vertical coordinate

= angle of attack

ratio of specific heats

inclination relative to the freestream direction
df/ dx-a

= aspect ratio
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I. Introduction

OW noise capability and high fuel efficiency are critical for

the next generation of supersonic transport. In a word, it is
necessary to develop an airplane characterized by low boom and low
drag. Over 70 years ago, using the favorable interaction between two
wing elements, Busemann proposed a biplane configuration in which
these two conditions were satisfied [1,2]. The wave drag due to airfoil
thickness can be nearly eliminated using a biplane configuration that
promotes favorable wave interactions between the two neighboring
airfoil elements (wave drag being defined as a force of resistance on
the airfoil due to the generation of shock waves). Licher extended the
idea to reduce the wave drag due to lift [3]. Moeckel predicted that the
performance of a biplane airfoil can exceed that of the zero-thickness
single flat-plate airfoil [4]. In experiments on supersonic biplanes,
Ferri found flow choking with a concomitant hysteresis phenome-
non at off-design conditions, which are disadvantages of super-
sonic biplanes [5]. Recently, employing both computational fluid
dynamics (CFD) and experimental approaches, a supersonic biplane
project has been commenced to realize the next generation of
supersonic transport [6-18]. We have previously designed a two-
dimensional biplane airfoil that has lower wave drag than the single
flat-plate airfoil at a sufficient lift condition of M, = 1.7 [9,18]. It
has also been shown that flow choking and resulting hysteresis,
which are serious issues of supersonic biplanes under off-design
conditions, could be avoided by using slats and flaps for the high-lift
device [12,13,18]. However, these are findings of two-dimensional
analysis, whereas for a practical flight three-dimensional wings must
be considered. Although various approaches for analyzing three-
dimensional biplane wings were used in the past [19-21], many
issues for realizing a practical supersonic transport remain.
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In this paper, we discuss the design of a lifting three-dimensional
biplane wing using a newly devised inverse-design method. The
objective is to realize a three-dimensional supersonic biplane wing
with high aerodynamic performance using CFD code in Euler
(inviscid flow) mode. In the extension from two-dimensional biplane
airfoils to three-dimensional wings, a great amount of drag can be
expected to be produced around the wing tip [11,15]. How traditional
biplane airfoils such as the Busemann biplane and the Licher biplane
can be extended to a practical biplane wing will be discussed. Two
subjects will be described in this paper. One is investigation of the
extension of two-dimensional biplane airfoils to three-dimensional
wings, in which we discuss analysis of three-dimensional wings to
which the biplane airfoils were applied and selection of the wing
planform. The other is design of a three-dimensional wing using the
inverse-problem method. To attain further improvement of aero-
dynamic performance of a three-dimensional biplane wing for prac-
tical flight, the two-dimensional designed biplane airfoil is applied to
the selected planform.

II. Background of Two-Dimensional Supersonic
Biplane Airfoils

The total wave drag of an airfoil can be divided into two
components. One is the wave drag due to its thickness and the other
is that due to lift. An appropriate biplane configuration can reduce
both of these, especially most of the wave drag due to airfoil thick-
ness. In this section the theory of the biplane concept for wave-drag
elimination will be introduced and discussed using CFD.

A. Busemann Biplane (Reduction of Wave Drag Due to Volume)

The Busemann biplane, proposed by Busemann in 1935, is an
airfoil that has the possibility of realizing low-drag supersonic flight
[1,2]. As mentioned in the Introduction, the wave drag is divided into
two main components. One is the wave drag due to airfoil thickness
(or volume) and the other is that due to lift. The wave drag due to
airfoil thickness can be significantly reduced by using the concept of
the Busemann biplane.

Figure 1 shows the theory of the Busemann biplane with a zero-
lifting diamond airfoil. The diamond airfoil has zero lift, but has wave
drag due to airfoil thickness corresponding to its thickness-chord
ratio. Busemann showed that the wave drag of the diamond airfoil
can be eliminated by simply splitting the diamond airfoil into two
elements and positioning them in such a way that the waves gene-
rated by those elements cancel each other out. However, the reflected
shock waves are not completely eliminated by the expansion waves
because of nonlinearity of expansion waves [8].

B. Licher Biplane (Reduction of Wave Drag Due to Lift)

Although the Busemann biplane cannot reduce the wave drag due
to lift, it can reduce that due to airfoil thickness. In 1955, Licher
extended the concept of the Busemann biplane to reduce the wave
drag due to lift [3]. Generally, in supersonic flight when there is no
interference with waves between the two elements of a biplane
airfoil, the wave drag due to lift can be reduced by half compared with
the case of a monoplane airfoil [7,8].

Expansion Wave

/'/

Compression Wave

Fig. 1 Wave cancellation effect of Busemann biplane for reduction of
wave drag due to airfoil thickness.

Thickness

a a+e N
Fig. 2 Extension to Licher biplane for reduction of wave drag due
to lift.

Figure 2 shows the theory of the Licher biplane. The Licher
biplane is obtained by combining a lifting biplane airfoil that has
partial interference of waves between its two elements (interference
of the shock wave at the leading edge of the upper element and
the expansion wave at the midchord of the lower element) with the
Busemann biplane. As a result, in the Licher biplane, wave drag due
to lift can be reduced by two-thirds in addition to the reduction of
drag due to airfoil thickness (effects of the Busemann biplane).

C. Designed Biplane Airfoil

The Licher biplane airfoil was previously modified to achieve
higher aerodynamic performance [8,9,18]. An inverse-problem
method was used as the design method. With this method an airfoil
with a specified C, distribution can be determined. Details of the
theory and the flow solver for simulation are presented in the next
section.

Using the Busemann biplane as the baseline model, the total
thickness-chord ratio of the upper and lower elements was set at 0.10
(each element is 0.05). Therefore, ¢ in Fig. 1 was determined to be
5.71 deg. Under the condition of a freestream Mach number of 1.7,
the gap between the two elements was set at 0.5. (It is defined so that
shock waves generated at the leading edges hit the edge of the
midchord.) The Licher biplane airfoil has almost the same param-
eters as the Busemann biplane airfoil. The « (on biplanes, the angle
of the lower surface of the lower element against the freestream
direction was defined as an angle of attack) in Fig. 2 was set at 1 deg,
and ¢ was 5.71 deg. The aerodynamic performance of the Busemann
biplane airfoil is C; =0.000 and C; = 0.00218, and that of the
Licher biplane airfoil is C; = 0.0812, C; =0.00449, and [/d=
18.1. It is important to remember that, in this study, lift and drag
coefficients of biplanes were calculated based on the chord length c.

The Licher biplane airfoil was modified by the inverse-design
method. Figure 3 shows geometries and C, distributions of the
designed biplane airfoil and the Licher biplane airfoil as an initial
model. The designed biplane airfoil was termed the designed airfoil.
The aerodynamic performance of the designed airfoil is C; = 0.115,
C,=10.00531, and //d = 21.7. The C, distributions between the
initial and designed biplane airfoil differ in pressure peaks at
midchords on both elements and the C, distribution around the
trailing edge on the upper element. Pressure distributions near the
trailing edge (of the upper element) were specified to maximize
the pressure recovery at the trailing edge. This is the most important
factor in creating more lift without a large increase of wave drag.
Figure 4 shows C), visualization of the designed airfoil. Favorable
interference of shock waves and expansion waves between the
two elements can be observed.

Figure 5 shows a drag polar diagram of various two-dimensional
airfoils. It includes the characteristics of the two-dimensional zero-
thickness single flat-plate airfoil, which has the lowest drag in
monoplanes at this Mach number (M, = 1.7) and has only wave
drag due to lift as drag. The designed airfoil achieved lower wave
drag than the flat-plate airfoil at C; > 0.14. Details of the biplane can
be found in [8,9,18].

D. Viscous Effects

For practical flight viscous effects have to be taken into account.
The skin friction of a single flat plate is estimated using the following
incompressible turbulent boundary-layer formulas [22]:
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Fig. 3 Geometries and C, distributions of the Licher biplane as an
initial model and the designed airfoil.

Cap =2C; (1)
where
0.027
r= (R6)1/7 (2)

Here the symbol Re denotes the Reynolds number based on the flat-
plate chord length c¢. For the conversion to compressible flow,
variation of skin friction coefficient with Mach number that is plotted
onFig. 13.101in [2] is used. The Reynolds number based on the chord
length c is set at 30 million. The friction drag coefficients Cy; of a

Fig. 4 C, visualization of the designed airfoil.

single airfoil and a biplane airfoil can be estimated to be 0.00369 and
0.00739, respectively.

Several Navier—Stokes simulations of the diamond airfoil, the
Busemann biplane airfoil, and the designed airfoil were conducted
[8,9,18]. A one-equation turbulence model by Spalart—Allmaras [23]
is adopted to treat turbulent boundary layers for viscous flow com-
putations. Table 1 shows their aerodynamic performance in Navier—
Stokes simulations at Reynolds number 30 million. The friction drag
coefficients C, are almost the same in all cases and also agree well
with that from the flat-plate theory. The increment of the friction drag
coefficient compared with single airfoils is at most around 0.0040,
which is smaller than the decrease of the wave-drag coefficients.
Even though the wet area of a biplane is twice of that of a monoplane
such as a diamond airfoil, the total drag coefficient of a biplane airfoil
is about one-third of that of a monoplane.

III. Computational Method

In this research wing configurations were designed using an
inverse-design system. With this system new wing configurations are
obtained by alternating use of flow analysis and the inverse-problem
method. A flow solver, the inverse-problem method, and the inverse-
design system that integrates them are discussed in the following
subsections.

A. Flow Solver

A flow solver named Tohoku University aerodynamic simulation
code using a three-dimensional unstructured grid [24,25] was used to
evaluate aerodynamic performance. In the simulation, the Euler/
Navier—Stokes equations were solved by a finite volume cell-vertex
scheme. The lower/upper symmetric Gauss—Seidel (LU-SGS)
implicit method for an unstructured grid [26] was used for the time
integration. In this research, all analyses were conducted using the
Euler equations.

B. Inverse-Design System

With an inverse-problem approach, in general, the geometry of a
wing section can be determined given a specified (target) pressure
distribution. Because the pressure distribution of an airfoil and its
shock wave strength are directly related, an inverse-problem
approach will be a highly appropriate tool for finding a biplane
configuration to achieve minimum wave drag under a given lift
condition. Consequently, an inverse-design system using the small
perturbation form of the second order equation to relate pressure to
local flow deflection angles has been developed [9,10,27].

In this design system, the geometry of an airfoil f(x) is related
to its pressure distribution by the following local oblique shock
relation [2]:

Cp = 619 + C202 (3)

where 6 and C,, represent the local flow deflection angle (df/ dx-a)
and pressure coefficient, respectively. Along the airfoil surface we
assume the local flow is tangential to the surface contour of the
airfoil. The symbols ¢, and ¢, are the Busemann coefficients, given
as

2 o (M3 =2 4 M
VML -1 2 - 1)

« is the angle of attack of the airfoil, and x and y represent the
airfoil-chord direction (see Fig. 6) and the ratio of specific heats,
respectively.

Figure 7 illustrates the iterative process of the method. First,
the flowfield around an initial configuration is analyzed to obtain
its initial pressure distribution. Next, an inverse-problem solver is
employed to calculate the x derivative of the correction value for the
airfoil geometry, dAf + /dx; this x derivative is related to the
difference between the target and the current pressure distributions,
denoted as AC,, (C, residual). Specifically, the geometry correction

c| =
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Fig. 5 Drag polar diagram of two-dimensional biplane airfoils and flat-plate airfoil.

term A f (see Fig. 6) comes from AC,,, using the small perturbation
forms (C, — C, + AC, and f — f + Af) of Eq. 3)

acp, = (P50 42 (U0 ) (445:)

dx dx
te (LA{:; (x))z )
ACH. - —c. [dAé‘;(x)] . 2Cz[olfd,x(x) ~ a] [dAi;(x)]
+o [Lf; (x)] 5)

Here, + and — indicate the upper and lower surfaces, respectively.
The airfoil geometry is updated by integrating the geometry
correction terms:

update _ XdAfi
e = £+ [

where the symbol 0 indicates the x coordinate of the leading edge of
the airfoil. In this approach, however, it is obvious that there is no
guarantee of obtaining an airfoil that has a closed trailing edge.
Therefore, a further (but minor) modification of the specified target
pressure distribution may be needed to close the trailing edge.
Finally, we analyze the flowfield of the updated airfoil geometry. An
optimal airfoil design can be found through the repetition of this
process.

() d§ (6)

IV. Selection of Planform of Three-Dimensional
Supersonic Biplane Wing at Zero-Lift Conditions

For a practical flight, three-dimensional wings have to be
considered. As mentioned in the Introduction, the drag of supersonic
biplanes is expected to increase mainly because of the existence of
wing tips. For example, on rectangular wings, the section drag
around their wing tips is higher than that at other sections. In this

Table 1 Aerodynamic performance in Navier—Stokes

simulations
a, deg C, Cap Cyr C, l/d
Diamond 0 0 0.0292  0.00394 0.0332 0
2 0.104 0.0329 0.00414 0.0370 2.8
Busemann 0 0 0.00185 0.00777 0.00962 0
2 0.116 0.00639 0.00780 0.0142 8.2
Designed 1.19  0.116 0.00479 0.00794 0.0127 9.1

z S &) + S0+ A4fx)
[ ———
\ —
/_LV =2 %x
Flow

AOA=«o
Fig. 6 Airfoil geometries and perturbed geometries.
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‘ Designed Airfoil

Fig. 7 Design cycle of inverse-design system.

Cp visualization

Free stream

1
-‘%&

Fig. 8 Mesh and C, visualizations of a rectangular Busemann biplane
wing (reference area 1).

section, an optimal planform of a Busemann biplane wing (at zero-
lift condition) is discussed. Therefore, all analyses performed in
Sec. IV are under the zero-lift conditions. The thickness-chord ratio
(t/c) is 0.10. The reference area of wings in this section is fixed at
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Fig. 9 Orthographic drawing and mesh and C, visualizations of a tapered Busemann biplane wing (reference area 1).

one. Design of a three-dimensional lifting biplane wing using the
inverse-design method is discussed in the next section.

A. Background of Three-Dimensional Busemann Biplane Wing

First, the phenomena and problems that are produced when two-
dimensional supersonic biplane airfoils are extended to three-
dimensional wings are introduced. Figure 8 shows C), visualization
of a three-dimensional rectangular Busemann biplane wing. The
reference area is one. Therefore, the semispan length and the aspect
ratio are 1 and 2, respectively. The wing-sectional configuration is
the same as that of the Busemann biplane airfoil shown in Sec. II.C
(the total thickness-chord ratio is 0.10.). The number of nodes used in
our CFD analysis is about 1.10 million. In Fig. 8 the effects of
Mach cones from the wing tips, that is, an increase of wave drag, can
be seen. The Cp, of the wing is 0.00685. It is very high compared with
the C, of the two-dimensional result (C, = 0.00218).

To reduce the Mach cone effects from the wing tips, a tapered wing
was considered. Figure 9 shows surface C,, visualization of a three-
dimensional tapered Busemann biplane wing. The reference area is 1
and the taper ratio is 0.25. Therefore, the semispan length and the
aspect ratio are 1.6 and 5.12, respectively. The Cp of the wing is
0.00300, which is lower than that of the previously mentioned
rectangular wing. Figure 10 shows spanwise C, distributions of the
rectangular and the tapered biplane wings, as well as the C,; of the

0.014
e, * Rectangular
00121 S |+ Tapered
N g 20
0.01f N . &
o 0.008 f . .
O
0.006 [ . .
0.004 [ smnl :
o Y A‘
o “aa,, a
0.002 [~ e ———

0 02 0.4 0.6 0.8 1 1.2 14 1.6
Y/Croot

Fig. 10 Spanwise C, distributions of rectangular and tapered
Busemann biplane wings (zero-lift conditions).

CfOOf

/6,,=0.25

Reference area = 1

two-dimensional result. Effects of Mach cones from the wing tips
were significantly reduced by using the tapered wing, although weak
shock cones generated from the wing root can be seen. This tapered
wing has another merit in section C,, namely, the C, distributions
in the midwing areas not affected by these Mach cones are lower
than that of the two-dimensional result. In the next section geometric
parameters of a planform based on a tapered Busemann biplane wing
are discussed.

B. Selection of Sweep Angle

In this subsection characteristics with changes of a sweep angle of
a tapered wing are discussed, the taper ratio being set at 0.25. Here
the sweep angle is defined as the angle of the wing leading edge to the
freestream. Figure 11 shows C, characteristics with changes of the
sweep angle. The sweep angle was evaluated in this study by a
coordinate of the midchord apex at the wing tip (Cpiq/Croot» SE€
Fig. 11). When C,iq/ Croo; (defined in Fig. 11) is around 0.5 or less,
Cp is minimum.

Figure 12 illustrates simple diagrams of two wings termed case 1
and case 2, and spanwise C, distributions of these two wings. Case 1
has no sweep (Cyniq/ Croor = 0.125). Case 2 has a sweep angle and its
midchord line is normal to the freestream direction (Cq/Croor=
0.5). As shown in Fig. 11, case 2 has a lower Cp than case 1.
Figure 13 shows C, visualizations of the inner surfaces of case 1 and
case 2, including comparison of C,, distributions of the two wings at
50% semispan stations and the two-dimensional result. It can be
seen that C, distributions of case 1 and case 2 differ from that of the
two-dimensional result in the midchord to the trailing edge region
although the sectional geometry of these three are identical. This is
due to the difference of their effective (wing-sectional) geometries to
the flow as shown in Fig. 12. Based on the result given in Fig. 11, we
selected case 2 for selection of the sweep angle.

C. Selection of Taper Ratio

The characteristics of the C), of a tapered wing with changes of
the taper ratio were examined. The midchord of the wing was fixed to
be normal to the freestream direction (case 2, Cpig/Croor = 0.5 in
Fig. 11). Figure 14 shows C), and the aspect ratio characteristics with
changes of the taper ratio when the reference areas of the studied

T~

01 02 03 04 05 06 07 08
Position of mid chord (Cmid/Croot)

Fig. 11 C, characteristics with changes of the sweep angle (reference area 1, zero-lift conditions).
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Fig. 14 C; and aspect ratio characteristics with changes of taper ratio (zero-lift conditions).

wings are fixed to be 1. The smaller the taper ratio is, the lower Cp, is.
The aspect ratio also increases with decreasing taper ratio. However,
Cp does not decrease much when a taper ratio is less than 0.25,
whereas the aspect ratio begins to increase rapidly. Furthermore,
attention must be paid to structural problems. Therefore, a taper ratio
of 0.25 was selected. The aspect ratio is determined to be 5.12. In the
next section, the design of a three-dimensional biplane wing with the
selected planform (the parameters of which are shown in Table 2) is
discussed using the inverse-design approach. It is important to
remember that the Busemann biplane wing with this planform has
values of Cp, = 0.00300 at zero-lift conditions.

V. Design of Three-Dimensional Supersonic Biplane
Wing Using the Inverse-Problem Method

This section presents the design of three-dimensional biplane
wings using the inverse-design method. As a wing planform the
tapered wing, the parameters of which are shown in Table 2, was used
in this section. Validation of the inverse-design approach to a
three-dimensional biplane wing and practical design for a three-
dimensional lifting supersonic biplane wing are discussed.

A. Validation of the Inverse-Design Method for a Three-Dimensional
Biplane Wing

For the fundamental check of design capability of three-
dimensional biplane wings using the inverse-problem method, we
examined whether a three-dimensional tapered biplane with arbitrary
wing-sectional geometries converged to a known three-dimensional
tapered Busemann biplane wing by setting up the C), distribution of
the Busemann biplane wing as a target. This process was conducted
at several span stations of the wing simultaneously. A flow chart for
the three-dimensional design is illustrated in Fig. 15. As shown in

Table 2 Geometric parameters of the selected wing
planform as a baseline model

Parameters Conditions
Taper ratio 0.25
Aspect ratio 5.12
Semispan length 1.6

Reference area
Midchord line

1
Normal to the freestream
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Fig. 16 Simple diagrams of initial configuration and its C, distributions, and tapered Busemann biplane and its C, distributions as a target.

Fig. 16, the wing with the upper element being a flat plate and the
lower one having a tapered Busemann biplane was set to an initial
wing configuration. The resulting C,, distributions at 10 span stations
from the wing root (represented as y/b =0, b means semispan
length) to the 90% span station (represented as y/b = 90%) of the
upper element of the designed Busemann biplane were given in
Fig. 17 with the specified target C,, distributions (only four sections
are described in Figs. 15, 17, and 18). The wing tip configuration of
each iteration is defined by using the designed geometry at the 90%
span station. The updated wing shape was defined by using the linear
interpolation of the designed geometries between those ten span
stations. The number of nodes used for the simulation process in this
section is about 0.55 million.

Figures 17 and 18 show obtained C, distributions, geometries
after 14 iterations. It was confirmed that they successfully converged
at target ones after only 14 iterations of the design procedure.
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0.35 I ]
0.40 0.2 0.4 0.6 0.8 1
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Fig. 17 C, distributions at some sections of the designed wing after 14
iterations.
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Fig. 18 Geometries at some sections of the designed wing after 14
iterations.

B. Design of a Three-Dimensional Lifting Supersonic Biplane Wing

Practical design of a three-dimensional biplane wing with high
L/D at sufficient lift conditions (C; > 0.1) is discussed in this
subsection. The previously mentioned inverse-problem method was
used for aerodynamic design. In the previous subsection only one
element of a biplane wing was designed. Here, design of both the
upper and lower elements is discussed. The inverse-design method
was applied to each of them alternately (see Fig. 15).

1. Design Condition

For the inverse-design approach, an initial wing model needs to be
chosen. As a planform of the initial wing, the tapered wing shown in
Table 2 was selected. The reference area and the taper ratio are 1 and
0.25, respectively. The semispan length and the aspect ratio are 1.6
and 5.12, respectively. The airfoil configuration of the tapered wing
as the initial wing was set using the biplane configuration designed
by the inverse-problem method (designed airfoil, see Fig. 3) at each
span station of the wing. The wing, termed initial wing, has values of
C;, =0.111,Cp = 0.00621, and L/ D = 17.9. The number of nodes
used for the simulations is about 1.10 million. The initial wing was

Table 3 Aerodynamic performance of designed airfoil
and initial wing

Lift coefficient Drag coefficient ~Lift-to-drag ratio

Designed airfoil 0.115 0.00531 21.7
Initial wing 0.111 0.00621 17.9

set to be the initial model of the inverse-design process. Table 3
shows the aerodynamic performance of the designed airfoil (which is
also represented as initial wing with an infinite span) and that of the
initial wing.

2. Design Process

The inverse-design method was applied to each of the upper and
lower elements alternately during the updating of the geometry, the
other element being fixed. It was applied at 10 span stations
(spanwise, every 10% from 0 to 90%) of each element simultane-
ously. The design procedure shown in Fig. 15 was carried out for both
the upper and lower elements. First, some design iterations were
conducted on the upper element until the obtained C,, distributions
converged to the target (upper) C, distributions, the wing configu-
ration of the lower element being fixed. Then the lower element was
designed, the configuration of the new designed upper element being
fixed. After the design cycle of each element, if the aerodynamic
performance at a section of the designed wing did not improve
compared with that of the initial wing, the designed section was
replaced by the initial one.

3. Analysis of the Initial Model

The initial wing was used as the initial model of the inverse-design
process. Figure 19 shows C, visualizations of the inner surfaces
and C, distributions of the initial wing. Let us focus on the C,
distributions of the inner sides (C, distributions of the lower surface
of the upper element and of the upper surface of the lower element).
Compared with the C,, distributions of the designed airfoil (see
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90%

a) Upper element

b) Lower element

Fig. 19 C, visualizations of the inner surfaces and C, distributions of the initial wing.
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Fig. 20 Spanwise C;, C,, and l/d distributions of the initial wing.
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Fig. 21 Target C, distributions of the upper element.

Fig. 3), large pressure peaks were recognized on both the upper
and lower elements. Also the values of the pressure coefficients in the
areas not affected by Mach cones generated at the wing root section
(v/b of 50-80%) were higher than those in the areas affected by the

Mach cones (y/b of 0-40%). On the upper element, shapes of the C,
distributions between the midchords and the trailing edges greatly
altered from those of the designed airfoil at each span station.
Figure 20 shows spanwise C;, C,, and I/d distributions of the
initial wing. It can be observed that the areas affected by Mach cones
from the wing root and the wing tip are characterized by poor aero-
dynamic performance, but those not affected by the Mach cones
have a higher lift-to-drag coefficient than that shown by the two-
dimensional analysis. These are characteristics of the three-
dimensional tapered biplane wings as mentioned in Sec. IV.A. The
goal of the design here is to create a biplane wing that has better
aerodynamic performance than the initial model by using desirable
C, distributions as target pressures at span stations. Therefore,
appropriate target pressure distributions should be determined.

4. Guideline for Setting Target Pressure Distributions

To prescribe target pressure distributions for our three-
dimensional wing design, we set the following two guidelines. We
tried to remove the unnecessary pressure peaks that occurred around
the midchord areas in the baseline initial wing. We then extend the

0.30
|

0.00
005 |
0.15

0.2 =%

0.25

)
o 10%
o 20%
30%
! 40%
A o 50%
o8 o 60%
248 2 70%
5
C 80%
! 90%
P ? 7 ——0 Target
&a I 10% Target
Q J_L

20% Target
30% Target
40% Target
50% Target
60% Target
70% Target
80% Target
90% Target

i
P00

0.3
0

Fig. 22

0.3

0.25f

g — 20%
T ) v—
N — 60%

01} 80%
== - 0 Initial
- - 20% Initial
0.05} - -- 40% Initial
- 60% Initial
80% Initial
0 I I I I
0 0.2 0.4 0.6 0.8 1
X/croot

X/CTOOQ
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Fig. 23 Designed section geometries of the upper designed wing.



MARUYAMA ET AL. 1915
0.16 0.016 30
0.14} 0.014
25
o012} 0.012
.01 5
ol 0.0 20
— 0.008
G o008} S Rt
0.006
0.06 |
. .004 10}
004l = * Cllnitial 0.00 I/d 2D
: —Cl Upper Designed 0.002 — * I/d Initial
002}~ Cdnitial 0 5t S
~Cd Upper Designed pper Designe
0 - - - - - - - -0.002 0 - - - - - - -
0 0.2 0.4 06 08 1 1.2 1.4 1.6 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
y/croot y/croot

Fig. 24 Spanwise C;, C,, and I/d distributions of the upper designed wing.
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Fig. 25 Target C, distributions of the lower element and C,
distributions of the lower element of the upper designed wing as initial
C, distributions.

previously discussed better C, distributions, which are obtained
from the midwing region of the initial wing, into the regions near the
wing tip and the wing root to improve aerodynamic performance in
those regions. It is important to remember that the C,, distributions in
those regions are greatly affected by Mach cones generated from
the wing tips and the wing root (target pressure distributions for the
upper and lower elements used for the three-dimensional wing
design are shown in Figs. 21 and 25, respectively).

5. Design Results

Let us focus on target C,, distributions and actually obtained C,
distributions from the designed wings. First the upper element was
designed. Details of the target C,, distributions of the upper element
are shown in Fig. 21. Figure 22 shows the obtained C,, distributions
of the designed wing (after 14 iterations of the inverse-design cycle)
and the C, contours of the inner surfaces of the upper wing. This
designed wing was termed the upper designed wing. The obtained C,
distributions successfully converged with the target distributions.
C;, Cp, and L/D are 0.120, 0.00662, and 18.1, respectively. L/D
was improved with the increase of C; . Figure 23 shows the designed
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C, visualization of the inner surface and target and obtained C, distributions of the lower element of the upper and lower designed wing.
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Fig. 29 Spanwise C;, C,, and I/d distributions of the final wing.

section geometries of the upper designed wing. Figure 24 shows its
spanwise C;, Cy, and //d distributions. The geometries around the
wing symmetry section were modified to have more angles of attack.
Spanwise C; in the areas affected by Mach cones increased without
reductions of the spanwise //d.

Next the lower element was designed. The C,, distributions of the
lower element obtained after 14 iterations of the previously discussed
upper element design were used as the initial distributions. The initial
and target C,, distributions of the lower element are shown in Fig. 25.
As mentioned in the previous subsection, the difference between the
initial and the target C, distributions is only the presence of pressure
peaks at the midchords. Figure 26 shows obtained C), distributions
after 14 iterations and C,, visualization of the inner surfaces of the
designed biplane wing, which was termed upper and lower designed
wing. The pressure peaks were successfully removed. Unfortunately,
at the wing root section the C), distribution around the trailing edge
did not converge with the target distributions. The designed wing
has C;, Cp, and L/D of 0.122, 0.00664, and 18.3, respectively.
Figure 27 shows designed section geometries of the upper and lower
designed wing. Figure 28 shows its spanwise C;, C,, and [/d
distributions. We obtained an improved result by the lower element
design. However, remarkable changes in geometries were not
observed except in the symmetry section (0% at the span station).
When the geometry of the wing root section was modified, the angle
of attack became lower. Spanwise C; and //d of the upper and lower
designed wing became worse than those of the initial wing, although
those in the other sections of the designed wing were much improved.
Therefore, we conducted the following modification.

The geometry at the wing root section of the lower element of the
upper and lower designed wing was replaced by the initial one. This
wing was termed the final wing. Figure 29 shows spanwise C,, C,,
and [/d distributions, and Fig. 30 shows C, visualizations of the
inner surfaces of the final wing. This wing maintained higher //d
than the initial model at all span stations, and more lift was created
in the areas affected by Mach cones originated from the wing root.
The final wing has values of C; =0.125, Cp =0.00678, and
L/D = 18.4. The design operation was stopped at this point.
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—0.05
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a) Upper element
Fig. 30  C, visualizations of the inner surfaces of the final wing.

6. Comparison with Other Three-Dimensional Supersonic Biplane Wings

Table 4 shows the aerodynamic performance of various three-
dimensional tapered biplane wings. The designed biplane wings show
a higher aerodynamic performance with a lower angle of attack o
(which is defined by the angle of the lower surface of the lower
element against the freestream direction) than the Busemann and
Licher biplane wings. Figure 31 shows a drag polar diagram of the
three-dimensional biplane wings, which includes the two-dimen-
sional zero-thickness single flat-plate airfoil shown in Sec. IL.C.
The two-dimensional flat-plate airfoil can be equated with the

Table 4 Aerodynamic performance of three-dimensional
biplane wings

Three-dimensional biplane wing Cy Cp L/D
Busemann biplane wing (¢ =2 deg) 0.110 0.00706 15.6
Licher biplane wing (o = 1.5 deg) 0.107 0.00642 16.7
Initial wing (@ = 1 deg) 0.111 0.00621 17.9
Final wing (o = 1 deg) 0.125 0.00678 18.4
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Fig. 31 Drag polar diagram of three-dimensional biplane wings and single flat-plate wing with an infinite span.

three-dimensional flat-plate wing with an infinite span, which has
only wave drag due to lift as drag. The final wing achieves lower drag
than the three-dimensional flat-plate wing with an infinite span at
C; > 0.17. It is notable that a three-dimensional biplane wing has
sufficient thickness and also lower drag than that of the three-
dimensional zero-thickness single flat-plate wing with an infinite
span in the range of the cruise condition, 0.1 < C; < 0.2.

VI. Conclusions

To attain supersonic transport characterized by low-drag, the
concept of the Busemann biplane was adopted. The extension of
biplane airfoils to three-dimensional wings was attempted based on
two-dimensional biplane analysis. Design Mach number is 1.7, and
total thickness-chord ratio is about 0.10. Euler simulations were
conducted in this study. In three-dimensional supersonic biplane
wings, there are areas affected by the Mach cones originated from the
wing tips. The Mach cones cause a large amount of drag. For control
of the increase of the drag due to the Mach cones, planforms of three-
dimensional biplane wings were examined. A tapered wing was
selected to decrease the wing tip areas affected by the Mach cones,
where the largest amount of drag was produced. A two-dimensional
inversely designed biplane airfoil, which has been discussed in [9],
was applied to the three-dimensional tapered wing, and the inverse-
design method was employed at 10 span stations to further improve
the aerodynamic performance. The taper ratio and the aspect ratio of
the biplane wing were 0.25 and 5.12, respectively. The three-
dimensional tapered wing as an initial model for the inverse-design
approach, the section airfoil configuration of which is that of the two-
dimensional designed biplane airfoil, achieved performances of
C; =0.111,Cp = 0.00621,and L/D = 17.9.

As prescribing the target pressure distributions for three-
dimensional wing design, we tried to remove the pressure peaks
around the midchord and create more lift at the trailing edge. Then we
tried to extend the C,, distributions obtained from the mid wing. After
14 iterations of the design procedure had been conducted on both the
upper and lower elements, every section of the biplane wing was
examined to determine if a certain section performed better than it
had at the initial stage of the design. When the designed wing section
at the wing root did not perform better than that from the initial one,
the shape of the designed section was replaced by that of the initial
section. Finally, the designed configuration of a supersonic biplane
wing, with performances of C, =0.125, Cp = 0.00678, and
L/D = 18.4 was obtained. It realized lower drag than the three-
dimensional zero-thickness single flat-plate wing with an infinite
span in the range (where C; is greater than 0.17, i.e., the cruise
condition) of the cruise condition 0.1 < C; < 0.2.

As for viscous effects, it was already confirmed in two-
dimensional cases that the total drag coefficient of a biplane was

about one-third of that of a monoplane even though the wet area of a
biplane was twice that of a monoplane. In the future, Navier—Stokes
simulations will need to be conducted on three-dimensional
supersonic biplane wings.
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